The RNA elements that are required for replication of defective interfering (DI) RNA of the JHM strain of mouse hepatitis virus (MHV) consist of three discontinuous genomic regions: about 0.46 to 0.47 kb from both terminal sequences and an internal 58-nucleotide (nt)-long sequence (58-nt region) present at about 0.9 kb from the 5 end of the DI genome. The internal region is important for positive-strand DI RNA synthesis (Y. N. Kim and S. Makino, J. Virol. 69:4963-4971, 1995). We further characterized the 58-nt region in the present study and obtained the following results. (i) The positive-strand RNA structure in solution was comparable with that predicted by computer modeling. (ii) Positive-strand RNA secondary structure, but not negativestrand RNA structure, was important for the biological function of the region. (iii) The biological function had a sequence-specific requirement. We discuss possible mechanisms by which the internal cis-acting signal drives MHV positive-strand DI RNA synthesis.
Infectious cDNA clones and cloned defective interfering (DI) RNAs of many RNA viruses have been used to study viral RNA elements that are necessary for viral RNA replication (cis-acting replication signals). Generally, cis-acting replication signals of RNA viruses include at least one of the genomic termini. Some viral cis-acting replication signals, like the DI RNAs of the murine coronavirus, mouse hepatitis virus (MHV) strain JHM (MHV-JHM), have an additional region(s) from the genome's interior (10, 11, 16) .
MHV, a prototypic coronavirus, contains a single-stranded, positive-sense RNA genome approximately 31 kb in length (3, 13, 14, 24) . The smallest (2.2-kb) naturally-occurring MHV DI RNA, DIssE (18) , consists of three noncontiguous regions of the parental MHV-JHM genome (21) : the most 5Ј region (domain I) corresponds to the most 5Ј 0.86 kb of genomic RNA; the second, 0.75-kb region (domain II) corresponds to a 3.1-to 3.9-kb region from the 5Ј end of the genome; and the third region (domain III) corresponds to the most 3Ј 0.6 kb of genomic RNA (Fig. 1 ). Among these regions, cis-acting replication signals were initially identified as an approximately 470-nucleotide (nt)-long region of the most 5Ј terminus of domain I, about 460 nt of the most 3Ј terminus of domain III, and an internal sequence of 134 nt (the 0.13-kb region) that belongs to domain II (11) . Further deletion analysis of the 0.13-kb region showed that the minimum length of the region for DI RNA replication was 58 nt (the 58-nt region); we previously referred to the 58-nt region as the 57-nt sequence (11) . Characterization of DIssF, which is another MHV-JHM DI RNA, showed that its cis-acting replication signal also includes the 58-nt region (16) .
To look at the role of the internal cis-acting replication signal in DI RNA replication, we compared the sequences of the 0.13-kb regions derived from various MHV strains (11) . Overall, the sequences of the 0.13-kb regions from various MHV strains are similar to each other. Computer-based secondary-structural analysis of the 0.13-kb regions revealed that most of the MHV strains form the same or similar main stemloop structures in the positive strand, yet MHV-A59 forms a smaller main stem-loop structure (11) . The RNA secondary structures in the negative strands are much less uniform among the MHV strains. Most DI RNAs that contain MHV-JHMderived 5Ј-and 3Ј-terminal cis-acting replication signals plus internal 0.13-kb regions derived from various MHV strains replicate in MHV-infected cells at 37°C, except for MRP-A59, which contains an MHV-A59-derived 0.13-kb region (11) . Interestingly, MRP-A59 replicates at 39.5°C but not at 37°C (11) . Negative-strand RNA synthesis of MRP-A59 occurs at 37°C, whereas positive-strand MRP-A59 synthesis from accumulated negative-strand DI RNA does not occur after shifting the incubation temperature from 39.5 to 37°C, demonstrating that the internal cis-acting replication signal functions in positivestrand DI RNA synthesis but not in negative-strand RNA synthesis (11) . We speculate that MRP-A59 forms an RNA structure that is suitable for RNA replication at 39.5°C but not at 37°C, while DI RNAs containing the 0.13-kb region derived from other MHV strains form the biologically active structure at 37°C. Because the secondary structure of the positive strand in the MHV-A59-derived 0.13-kb region differs from those of other MHVs, we hypothesize that the secondary structure of the internal cis-acting replication signal in the positive-strand RNA may be important for positive-strand DI RNA synthesis (11) .
Replication of the cloned naturally occurring MHV-A59-derived DI RNA, MIDI (4, 17, 27) , and a synthetic DI RNA transcript, B36, which consists mostly of MHV-A59-derived sequences (22) , does not require the 58-nt-long region of MHV-A59 sequence that corresponds to the MHV-JHM 58-nt region. Deletion analyses of MIDI showed that the minimum sequence required for DI RNA replication was the 5Ј-end 466 nt and the 3Ј-end 461 nt, excluding poly(A) (17) . However, whether RNA transcripts that consist of only the 5Ј-end 466 nt and the 3Ј-end 461 nt of MHV-A59 genomic termini can replicate is not known. In our hands, synthetic DI RNA transcripts that consisted of 0.5 kb from both termini of MHV-A59 and those that consisted of 0.5 kb from both termini of MHV-A59 plus the 0.13-kb region of MHV-A59 failed to replicate in MHV-A59-infected cells (unpublished data), whereas another MHV-A59-derived RNA, which had the MHV-JHM 0.13-kb internal sequence inserted between MHV-A59-derived termini, replicated in MHV-infected cells at 37°C (unpublished data). Therefore, we speculated that replication of MHV-A59-derived DI RNAs probably requires an internal region that is equivalent to the 58-nt region of MHV-JHM DI RNA (11) . A functionally similar RNA element in MHV-A59 DI RNA may be located quite differently from the MHV-JHM 58-nt region. We further speculated that parental MHV genomic RNA may contain multiple genomic regions which have the same biological function as the internal cis-acting replication signal of MHV-JHM DI RNA. Some of them may be necessary for efficient MHV genomic RNA replication, whereas MHV DI RNA contains only one or two of these functional regions (11) .
Knowing how the internal cis-acting replication signal drives MHV DI RNA positive-strand RNA synthesis will shed light on the mechanism of coronavirus positive-strand RNA synthesis, which is still poorly characterized. MHV DI RNAs replicate extremely efficiently in DI RNA-transfected cells (20) ; their replication can start from the introduced positive-strand DI RNA transcripts (20) as well as negative-strand transcripts (8) , and a unique cold-sensitive variant in DI RNA replication is available (11) . These properties of MHV DI RNAs provide an excellent model system to study the coronavirus RNA replication mechanism.
We tested our hypothesis that the secondary structure of the internal cis-acting replication signal in positive-strand RNA is important for positive-strand DI RNA synthesis (11) , and our data indeed support this hypothesis.
MATERIALS AND METHODS
Viruses and cells. Plaque-cloned MHV-A59 was used as a helper virus (12) . Mouse DBT cells (6) were used for the preparation of seed viruses, and mouse L2 cells were used for RNA transfection experiments.
Plasmid construction. (20) .
PCR products were obtained with DE5-w4 and oligonucleotides 2167 and 101. The EagI-FspI fragment of the PCR products was then inserted into the PstI site of pT7-4 to yield JHM134ϩ. PCR products were obtained by incubating DE5-w4 with oligonucleotide 10052 and oligonucleotide 101. Insertion of the StuI-SpeI fragment of the PCR products into the DE5-w4 large StuI-SpeI fragment resulted in plasmid INT-1. The SnaBI-SpeI fragment of the PCR products that was obtained by incubating INT-1 with oligonucleotide 10078 and oligonucleotide 52, which consists of T7 promoter sequence and the 5Ј end of MHV genomic RNA sequence, was inserted into the large INT-1 SnaBI-SpeI fragment to produce IRWT. PCR products that were obtained by incubating IRWT with oligonucleotide 10082 and oligonucleotide 130 were restricted by StuI and NruI and then inserted into the large IRWT StuI-NruI fragment to produce IRP-1. IRP-2, IRP-3, and IRN-1 were constructed by a similar procedure, except that oligonucleotides 10083, 10084, and 10115, respectively, were used in place of oligonucleotide 10082. IRN-2 was constructed by inserting the SnaBI-SpeI fragment of the PCR products that were obtained by incubating IRWT with oligonucleotide 10127 and oligonucleotide 52 into the large IRWT SnaBI-SpeI fragment. Clones IRP-4, IRP-5, IRP-6, IRP-7, IRPN-2, IRPN-3, IRPN-4, IRPN-5, and IRPN-6 were constructed in a manner similar to clone IRN-2, except that oligonucleotides 10308, 10309, 10310, 10311, 10167, 10245, 10246, 10252, and 10253, respectively, were used in place of oligonucleotide 10127. The construction of IRPN-1 was identical to that of IRP-3, except that IRN-2 was used as a template for PCR. IRPN-7 was constructed in a manner similar to IRP-1, except that oligonucleotide 10316 was used in place of oligonucleotide 10082 and IRP-4 was used as a template for PCR. The construction of IRPN-8 was essentially the same as that of IRPN-7, except that oligonucleotide 10317 and IRP-5, respectively, were used in place of oligonucleotide 10082 and IRP-4. Insertion of the StuI-SpeI fragment of PCR products that were obtained by incubating IRWT with oligonucleotide pairs 10321 and 10322, 10323 and 10324, 10325 and 10326, and 10327 and 10328 into the large IRWT StuI-SpeI fragment resulted in the construction of IRPN-9, IRPN-10, IRPN-11, and IRPN-12, respectively. For each mutant, we sequenced the entire region of the insertion obtained by PCR.
RNA transcription and transfection. Plasmid DNAs were linearized by XbaI digestion and transcribed with T7 RNA polymerase as previously described (20) . We used a DEAE-dextran-mediated procedure for RNA transfection, as previously described (20) .
Characterization of RNA secondary structure in solution. RNA secondary structure analysis in solution was performed by digesting in vitro-transcribed RNA transcripts with various RNases followed by primer extension analysis. We followed the methods of Jacobson et al. (7) and Stern et al. (26) with modifications. Briefly, 2 g of in vitro RNA transcripts corresponding to the MHV-JHM 0.13-kb region was suspended in 30 l of a reaction buffer consisting of 30 mM Tris-HCl (pH 7.4), 10 mM MgCl 2 , 270 mM KCl, 18 mM ␤-mercaptoethanol, and 100 g of tRNA/ml. The sample was heated to 68°C for 5 min, slowly cooled to 37°C, and treated with RNases. Preliminary experiments were done to determine optimum enzyme dilutions and incubation temperatures which gave consistent partial digestions of the RNA transcripts. A 3-l quantity of RNase A (0.25 g/ml), RNase T 1 (0.2 U/ml), or RNase V 1 (700 U/ml) in cold enzyme buffer (80 mM HEPES [pH 7.8], 20 mM MgCl 2 , 300 mM KCl, and 6 mM ␤-mercaptoethanol) was added separately to the RNA samples and incubated for 17 min at room temperature, for 20 min at room temperature, and for 19 min at 37°C, respectively. The reaction was terminated by the addition of 150 l of chilled stop buffer (300 mM sodium acetate and 10 mM EDTA) followed by placement on ice. For the partial digestion of RNA transcripts with RNase U2, 1 l of RNase U2 (200 U/ml) was mixed with 2 g of RNA in 5 l of RNase U2 buffer (8 mM sodium VOL. 72, 1998 MHV DI RNA REPLICATION 7927 citrate [pH 3.5], 0.8 mM EDTA, 0.5 g of tRNA/ml) and incubated for 12 min at 50°C. The reaction was terminated by the addition of 194 l of chilled stop buffer. The 5Ј-end 32 P-labeled oligonucleotide 10155, which binds to the plasmidderived sequence downstream of the 0.13-kb region, was added to the RNA, and primer extension reactions were performed according to the methods of Stern et al. (26) . Reaction products were analyzed on a 6% polyacrylamide gel containing 7 M urea.
Preparation of virus-specific intracellular RNA and Northern blotting. Viralspecific intracellular RNAs were extracted 7 h postinfection (p.i.) as previously described (18) . Poly(A)-containing RNAs were selected by oligo(dT)-cellulose column chromatography. The RNAs were denatured and electrophoresed through a 1% agarose gel containing formaldehyde (19) and transferred onto nylon filters (ICN Pharmaceutical, Inc.). Northern blot analysis was performed with a 32 P-labeled random-primed probe corresponding to 85 to 474 nt from the 5Ј end of DE5-w4.
Direct sequencing analysis of DI-specific RT-PCR products. DI RNA-specific cDNA was synthesized by incubating intracellular RNA with oligonucleotide 1942, which binds a region spanning nt 643 to 678 from the 5Ј end of IRWT; this binding site represents a junction site between the 3Ј-end cis-acting signal and the inserted fragment containing the 58-nt region. After cDNA synthesis, avian myeloma virus reverse transcriptase (RT) (Promega) was inactivated by heating the sample to 100°C for 10 min. The DI-specific RT-PCR products were obtained by incubating the cDNA with oligonucleotides 1942 and 52 and were separated by agarose gel electrophoresis. Direct PCR sequencing was performed as previously described (9, 28), using oligonucleotide 10120 as a primer.
RESULTS
RNA secondary structure of the 58-nt region in solution. To test our hypothesis that the positive-strand RNA secondary structure of the internal cis-acting replication signal is important for positive-strand DI RNA synthesis (11), we used enzymatic probing methods to determine whether the RNA secondary structure of the 58-nt region predicted by computer modeling (31) was comparable to the actual RNA secondary structure in solution. Although 58 nt defines the minimum size needed for biological function, we used in vitro transcripts containing the entire 0.13-kb region for this analysis; we hoped that MHV-derived sequences surrounding the 58-nt region might stabilize the structure formed by the 58 nt.
The RNA transcript corresponding to the internal region of MHV-JHM RNA was transcribed in vitro from plasmid JHM134ϩ and treated with various RNases. We chose RNase T 1 , RNase A, and RNase U2, which react with single-stranded regions, and RNase V 1 , which reacts with double-stranded regions, so that when analyzed by primer extension, specific stops would be generated that reflect the accessibility of the region to RNases. Figure 2A represent two of these primer extension analyses. We conducted nine independent experiments for RNase A and RNase T 1 treatments and four independent experiments for RNase U2 and RNase V 1 treatments. We found that there were slight variations in the results of separate experiments, yet some sites were consistently cut by RNases. Figure 2B shows the locations of consistent RNase cleavage sites. RNase A showed consistently strong cleavage at the residues in positions 21 (21 U) and 23; cleavage of 23 U by RNase A was more evident in other experiments (data not shown). RNase T 1 cleaved efficiently at 28 G, 31 G, and 43 G in repeated experiments. RNase T 1 frequently showed weak cleavage activity at two residues 3Ј to 28 G, four residues 3Ј to In most experiments, weak cleavage was observed at 9 C, 10 C, 11 U, and 19 G (Fig. 2A) . The RNase V 1 cleavage that is shown in Fig. 2A as occurring several nucleotides downstream of 20 A was not obvious in other experiments. Although some unexpected consistent RNase cleavage occurred, e.g., an RNase V 1 cut at 20 A, a weak RNase T 1 cut at 45 C, and RNase T 1 cleavage at several non-G sites, we concluded that the RNA secondary structure deduced from this primer extension analysis and that of the computer-predicted structure (11) were similar; we discuss the relative importance of the unexpected RNase cuts in Discussion below. Based on these experiments, we are confident that the computer modeling of RNA secondary structure is reliable enough to serve as a foundation for our subsequent experiments.
Asymmetric mutational analysis of the 58-nt region. To test whether the positive-strand RNA structure of the 58-nt region was important for biological function, we examined whether DI RNA replication was affected by altering the 58-nt region's RNA secondary structure on each strand. To create these mutants, we used a property particular to G-U base pairs that selectively disrupts the structure in either the positive or negative strands. G-U pairs can replace A-U pairs or G-C pairs in one strand, but on the opposite strand the A-C base pairs cannot form and the stem structure will be disrupted. Thus, by changing a G-C pair to a G-U pair, an A-U pair to a G-U pair, a G-U pair to a G-C pair, or a G-U pair to an A-U pair in the DI RNA and assaying the DI RNA replication, we could selectively evaluate the need for a specific structure in the two strands.
IRWT, which contained the MHV-JHM-derived 58-nt region, was used as a wild-type (wt) DI RNA. For convenience in DNA construction, IRWT contained 0.27-kb-long extra sequence that is not necessary for DI RNA replication (10, 11) between the 58-nt region and the 3Ј cis-acting replication signal (Fig. 1) . We constructed two series of IRWT-derived mutants, one of which maintained the positive-strand RNA secondary structure of the 58-nt region but not the negative-strand RNA secondary structure (Fig. 3) ; these were IRP-1, IRP-2, IRP-3, IRP-4, IRP-5, IRP-6, and IRP-7. Computer modeling showed that the 58-nt region of the negative-strand RNA of each of these mutant DI RNAs had an RNA secondary structure extensively different from those of the others, and none of the negative-strand RNA secondary structures of the mutant DI RNAs' 58-nt regions were similar to that of the wt 58-nt region (data not shown). A second series of mutants (IRN-1 and IRN-2) contained the wt negative-strand RNA secondary structure of the 58-nt region and had altered positive-strand RNA secondary structures (Fig. 3) . Using computer modeling, we examined all possible single-nucleotide substitutions from a G-C pair to a G-U pair, from an A-U pair to a G-U pair, from a G-U pair to a G-C pair, or from a G-U pair to an A-U pair in both the positive and negative strands of the 58-nt region and found that nucleotide substitution at only these nine sites caused strand-specific alterations in RNA secondary structure; i.e., they did not alter RNA secondary structure in one strand but did alter it in the opposite strand.
Equal amounts of in vitro-synthesized DI RNA transcripts were transfected into L2 cells infected with MHV-A59 helper virus 1 h prior to transfection and into mock-infected cells. Virus-specific intracellular RNAs were extracted 7 h p.i., and poly(A)-containing RNAs were selected by oligo(dT) column chromatography and separated on 1% agarose-formaldehyde gels. Northern blot analysis with a probe that specifically bound to DI RNAs and MHV mRNA 1 showed in repeated experiments that IRWT, IRP-1, IRP-2, IRP-3, IRP-5, IRP-6, and IRP-7 replicated and that IRP-4, IRN-1, and IRN-2 did not replicate (Fig. 4) . IRP-5 replicated at a significantly lower efficiency than either IRWT or any other IRP mutant. Sequence analysis of DI-specific RT-PCR products from DI RNA-transfected cells showed that replicating DI RNAs maintained the sequences of their input 58-nt regions (data not shown). IRP-1, IRP-2, IRP-3, IRP-5, IRP-6, and IRP-7, all of which maintained the positive-strand RNA secondary structure of the 58-nt region but not the negative-strand RNA secondary structure, replicated. These data not only demonstrated that the negative-strand RNA structure was not important for the biological function of the 58-nt region but also indicated the importance of positive-strand RNA secondary structure in the function of the 58-nt region.
Sequence requirement of the 58-nt region. We next investigated why IRN-1, IRN-2, and IRP-4 did not replicate. The failure to replicate IRN-1 and IRN-2 could be due to the destruction of the positive-strand RNA secondary structure of the 58-nt region or to the primary sequence alteration in these mutants. To distinguish between these possibilities, we constructed IRPN-1 and IRPN-2, each of which contained the original mutation of IRN-1 and IRN-2, respectively, with an additional 39 C 3 39 U substitution in IRN-1 and an additional 18 C 3 18 U substitution in IRN-2 (Fig. 5) . These changes had the effect of restoring the overall secondary structure of both the positive and negative strands to that of the wt while keeping in place the primary sequence alteration previously introduced in IRN-1 and in IRN-2. Northern blot analysis of DI RNA replication in DI RNA-transfected cells showed that IRPN-1 and IRPN-2 did not replicate at all (Fig.  6 ).
IRPN-1 had a 16 A-39 U base pair in place of the wt 16 G-39 C pair in the positive strand. This change may weaken the RNA secondary structure and cause formation of an altered RNA secondary structure which is no longer functional. Alternatively, the 58-nt region may require the presence of 16 G for (Fig. 6 ). Sequence analysis of DI-specific RT-PCR products showed that replicating IRPN-3 and IRPN-4 maintained the input sequences of their 58-nt regions. Because IRPN-3, which forms a weak 16 U-39 A base pair, replicated, the presence of a G-C (or C-G) base pair at nucleotides 16 and 39 was not a requirement for the biological function of the 58-nt region. These data demonstrated that nt 16 may be G, U, or C, but not A, and still maintain the function of the 58-nt region.
Nucleotide substitutions introduced in IRPN-2 changed the wt G-C base pair to a weak U-A base pair at positions 18 and 37. The failure of IRPN-2 to replicate may be due either to changing the G-C base pair to a U-A base pair or to substituting 37 A for 37 G. The 18 C 3 18 U change was an unlikely reason for the loss of the biological function of the 58-nt region in IRPN-2, because IRP-3, which contained 18 U, replicated well (Fig. 4) . To clarify why IRPN-2 did not replicate, we constructed IRPN-5 and IRPN-6; IRPN-5 had an 18 A-37 U base pair, and IRPN-6 had an 18 G-37 C base pair, while each contained wt RNA secondary structure in both strands. Characterization of DI RNA replication in DI RNA-transfected cells showed that IRPN-6, but not IRPN-5, replicated (Fig. 6 ). Sequence analysis of IRPN-6-specific RT-PCR products demonstrated that there was no sequence change in the 58-nt region of the replicating IRPN-6 (data not shown). DI RNAs containing 18 C-37 G (IRWT), 18 U-37 G (IRP-3) , or 18 G-37 C (IRPN-6) replicated, whereas those containing 18 A-37 U (IRPN-5) or 18 U-37 A (IRPN-2) did not replicate, indicating that nt 18 should not be A and/or nt 37 should not be U or A in order to maintain the function of the 58-nt region.
To discover why IRP-4 did not replicate, we constructed three additional mutant DI RNAs: IRPN-8, IRPN-10, and IRPN-12. These DI RNAs had nucleotide substitutions at nt 12 and 46; IRPN-8 had a 12 C-46 G base pair, IRPN-10 had a 12 A-46 U base pair, and IRPN-12 had a 12 G-46 C base pair (Fig. 5) . All of these mutants maintained the wt RNA secondary structure of the 58-nt region in both strands (Fig. 5) . Characterization of DI RNA replication in DI RNA-transfected cells showed that these DI RNAs replicated very poorly (less than 1% as efficiently as IRWT) (Fig. 6) , demonstrating that any sequence substitutions in this base pair are lethal for DI RNA replication. Such a primary sequence requirement may indicate that the nucleotides in these positions have roles in addition to maintaining the integrity of the secondary structure of the positive-strand RNA of the 58-nt region.
We next examined why IRP-5, which maintained the posi- tive-strand RNA secondary structure of the 58-nt region (Fig.  3 ), replicated at a low efficiency by characterizing three additional DI RNAs, IRPN-7, IRPN-9, and IRPN-11. These DI RNAs had wt RNA secondary structure at both strands and had nucleotide substitutions at nt 11 and 47; IRPN-7 had an 11 C-47 G base pair, IRPN-9 had an 11 U-47 A base pair, and IRPN-11 had an 11 G-47 C base pair (Fig. 5) . Characterization of DI RNA replication in DI RNA-transfected cells showed that these three mutants replicated with an efficiency similar to that of IRP-5 (Fig. 6) . Sequence analysis of DI-specific RT-PCR products from DI RNA-transfected cells showed that IRPN-7, IRPN-9, and IRPN-11 maintained the sequences of their input 58-nt regions (data not shown). These data demonstrated that the 11 U-47 A base pair was essential for efficient DI RNA replication. Because mutant DI RNAs that contained nucleotide substitutions at the nt 11-47 base pair replicated better than those contained nucleotide substitutions at the nt 12-46 base pair, the sequence requirement for DI RNA replication at the nt 11-47 base pair was less stringent than that at the nt 12-46 base pair.
These studies indicated that, in addition to maintaining the integrity of the positive strand of the 58-nt region, specific primary sequences at specific sites of the region were also important for its biological function.
DISCUSSION
The present study tested a hypothesis that the RNA secondary structure made by the 58-nt region is important for positive-strand DI RNA synthesis. We showed that the RNA secondary structure of the 58-nt region in solution, deduced by enzymatic-probing methods, and that predicted by computerbased secondary structure analysis were similar. The RNA secondary structure of the 58-nt region in the positive strand, but not that in the negative strand, was important for biological function. The function of the 58-nt region tolerated many sequence substitutions, yet there was a sequence requirement. It was less likely that the differences in the 58-nt regions in DI RNAs affected the stability of the RNAs and thus determined DI RNA replication, because we did not see any noticeable differences in the amounts of undegraded DI RNAs among replication-competent and replication-incompetent DI RNAs that were obtained 2, 4, or 6 h after their transfection into non-MHV-infected cells (data not shown).
Enzymatic probing of the RNA secondary structure showed a close similarity between the computer-predicted RNA secondary structure and that in the solution; most RNase cleavage sites generally fit well with the computer-predicted RNA secondary structure. However, there were some differences. Because RNase V 1 cleaved 20 A, which was predicted to be a single-strand region, there is a possibility that 20 A has an interaction with some other region of the RNA. RNase T 1 frequently cleaved at 33 G and 34 G, both of which were predicted to be parts of the end loop (Fig. 2B ), yet these sites were not as efficiently cut as those at residues 28 G and 31 G. The weak cleavages by these RNases may indicate that some RNA molecules form a different RNA secondary structure(s) at the end loop in the solution, e.g., some population of RNA transcripts may form 24 C-33 G and 25 C-33 G base pairs; these interactions may produce a smaller end loop structure. The size of the end loop may not be very crucial for the function of the 58-nt region, because the MHV-1 0.13-kb region is biologically functional and computer modeling predicted a small end loop structure (11) . RNase T 1 frequently cleaved at the non-G residues 29 A, 30 A, 32 A, 35 A, and 45 C. However, such anomalous cleavages were less obvious in some experiments (Fig. 2A, compare lanes 7 and 15) . Because RNase T 1 digests only 3Ј of G residues, but no other nucleotides, at the amount of the enzyme used in this study (0.0006 U), these non-G cleavages could be an artifact of the experiments; i.e., these bands might be the results of premature termination of primer extension products. The appearance of these anomalous cleavages at non-G residues by RNase T 1 during the study of RNA secondary structure has also been shown by others (2, 7) .
How does the positive-strand RNA secondary structure of the 58-nt region function in positive-strand DI RNA synthesis? One possibility is that the 58-nt region is a part of the viral polymerase recognition site; the MHV RNA replication mechanism may recognize the internal cis-acting replication signal and other regions of cis-acting replication signals to initiate positive-strand RNA synthesis from the 5Ј end of DI RNA. There is a precedent for this possibility; single-strand RNA bacteriophage Q␤ contains two internal viral polymerase recognition sites for negative-strand RNA synthesis; each internal recognition site is separated from its functional initiation site by about 1.4 and 2.8 kb, respectively, from the 3Ј end (1, 23, 25) . Another possible mechanism of the positive-strand RNA secondary structure of the 58-nt region in positive-strand DI RNA synthesis is that the 58-nt region may interact with another region of DI RNA to facilitate the stabilization of an RNA secondary structure, which is important for the initiation of positive-strand RNA synthesis. We found a sequence-specific requirement of the biological function of the 58-nt region: sequence alteration at some sites did not affect function, whereas single-nucleotide substitutions at other sites severely affected it. It is possible that the specific sites within the 58-nt region interact with other cis-acting regions through sequencespecific contacts, and sequence substitution at particular sites within the 58-nt region may disrupt such RNA-RNA interaction. Another possibility is that viral or host protein, which is necessary for the biological function of the 58-nt region, specifically binds to the region, and a mutation in the 58-nt region may interfere with this specific protein binding. Several host proteins that bind to various regions of MHV RNA have been described (5, 29, 30) and identified (15) , yet whether any proteins specifically interact with the 58-nt region is not known.
